Abstract. Slab breakoff is the buoyancy-driven detachment of subducted oceanic lithosphere from the light continental lithosphere that follows it during continental collision. In a recent paper Davies and von Blanckenburg [1994] have assessed the physical conditions leading to breakoff by quantitative thermomechanical modeling and have predicted various consequences in the evolution of mountain belts. Breakoff will lead to heating of the overriding lithospheric mantle by upwelling asthenosphere, melting of its enriched layers, and thus to bimodal magmatism. Breakoff will also lead to thermal weakening of the subducted crustal lithosphere, thereby allowing buoyant rise of released crustal slices from mantle depths. In this paper we present a test of this model in the Tertiary evolution of the European Alps. In the Alps, both basaltic and granitoid magmatism occur between 42 and 25 Ma, following the closure of oceanic basins by subduction and continental collision. The granitoids are now well established to result from mixing of basalt with assimilated continental crust. To identify the tectonically crucial origin of the partial mantle melts, we have compiled all published geochemical and isotopic data of numerous mafic dykes occurring throughout the whole Alpine arc. Their trace element and isotopic composition suggests that they have been formed by low-degree melting of the mechanically stable lithospheric mantle. We see no evidence for melting of asthenospheric mantle. It was thus not decompressed to depths shallower than 50 km. Once initiated, rapid lateral migration of slab breakoff will result in a linear trace of magmatism in locally thermal weakened crust. This explains why all Alpine magmatic rocks intruded almost synchronously along a strike-slip fault, the Periadriatic Lineament. A compilation of ages from Penninic high-pressure rocks subducted to depths of up to 100 km shows that subduction took place at circa 55-40 Ma, followed by uplift at 40-35 Ma. From the short time interval between their uplift and the onset of magmatism we infer that both processes have been induced by the breakoff. The slab breakoff model fulfills its predictions in the case of the Alps and therefore supports the assumptions made in the theoretical model on a geological basis. We believe that the characteristic association of magmatic activity with the return of high-pressure rocks to the surface allows the identification of this process in the Earth's mountain belts.
Introduction
One of the well-known attributes of orogenic belts is syncollisional magmatism. An, ever increasing isotope-geochemical database of such magmatic rocks has shown the involvement of partial mantle melts in many cases. This is almost a contradiction in a tectonic setting where geotherms are severely depressed by the lithospheric thickening. Extension of the lithosphere could generate partial mantle melts [McKenzie and Bickle, 1988] . However, intrusion of magma in compressive rather than extensional stress fields is becoming an increasingly evident emplacement mode [Hutton and Reavy, 1992] . In the past years, formation of these melts has been explained by a disturbance of the lithospheric root of mountain belts, such as delamination [Bird, 1979] or convective removal of the thickened thermal boundary layer [Houseman et al., 1981] . However, these models take neither the oceanic subduction nor subduction of continental lithosphere to mantle depths into account, which precedes continental collision if a passive continental margin is subducted. Furthermore, field evidence or geochronological data in many mountain belts seem to indicate that the intrusion of granitoids postdates the emplacement of uplifted high-pressure nappes into midcrustal levels [Davies and von Blanckenburg, 1994 ].
In a recently published model, Davies and von Blanckenburg [1994] (also von Blanckenburg and Davies [1992] ) have explained these features by slab breakoff. Slab breakoff will occur when light continental lithosphere follows dense oceanic lithosphere into the subduction zone. This situation of opposing buoyancy forces at depth will create strong extensional forces within the slab, resulting in a narrow mode of rifting and ultimately tearing off and falling away of the oceanic slab. The conditions for breakoff have been obtained from modeling of lithospheric strength versus buoyancy forces. The resulting rift will be filled by hot, uprising asthenospheric mantle, which will impinge upon the lithospheric mantle of the overriding plate. The conductive heating will lead to partial melting of enriched metasomatic layers within the lithospheric mantle, producing alkaline, ultrapotassic, or calc-alkaline basalts. These will rise into the crust, where they, in conjunction with thermotectonic effects, lead to crustal melting and thus to bimodal magmatism. Before breakoff, thermal weakening of subducted crust may allow layers to detach from their underpinnings and accrete to the overriding plate [van den Beukel, 1992] . When subducted to mantle depth, such thrust sheets will ultimately be released by the heating, hence weakening, and declamping during breakoff. They can rapidly rise as buoyant sheets back into the crust, due to their density contrast with the surrounding mantle, and will probably use the subduction thrust pathway. Oversteepening of the initial suture and backpropagating of thrusts during continental collision will concentrate the visible effects in the center of the orogen, with intrusions emplaced in both the overriding and the formerly downgoing plate, respectively. Other results of breakoff, not assessed in detail by Davies and yon Blanckenburg [1994] , involve the general change in potential energy of the orogen after the loss of the heavy root, which may lead to development of topography, erosion, possibly extensional deformation, and associated thermal metamorphism. Slab breakoff will thus create a combination of characteristic features of mountain belts, which are distinct from those suggested for other mechanisms to produce synorogenic magmatism, such as delamination [Bird, 1979] In this paper we will test the model of slab breakoff [Davies and yon Blanckenburg, 1994] in the Alps. Because the most valuable tracers of subcrustal processes in the root of collision zones are partial mantle melts, we will first focus on the basaltic magmatism and derive its mantle source. Second, we will discuss the timing and mechanism of the uplift and exhumation of high-pressure metamorphic crustal rocks. Third, we will discuss 
Alpine Magmatism
In this section we evaluate on the basis of published geochemical and geochronological data whether the timing and characteristics of the Alpine magmatism is compatible with the breakoff model. Using isotopic and trace elemental compositions we will derive the mantle sources leading to the partial melts. km thick lower crust is assumed to be 0.5gW m -2-The radiogenic heat production in the mantle is set to zero. This results in an initial thermal gradient of 21øC/km at the top and 11.3 ø C/km at the base. As discussed [Davies and yon Blanckenburg, 1994] , enriched segments of the downgoing plate could partially melt during breakoff where they are exposed to the uprising asthenosphere, unless they have been depleted during the rifting leading to the formation of oceanic crust. In the Alps, this would have led to a migration of magmatism from north to south. However, because the reverse is the case (first intrusions in the southernmost Adamello intrusions, Figures 1 and 3) , and because widespread crustal melting of exhumed high-pressure Penninic rocks is not observed, we believe that the end-member model of melting of the overriding plate is more likely. Nevertheless, should melting 
A Model for Uplift and Exhumation of High-Pressure

Nappes
During subduction of continental crust, the downgoing slab will heat up, mechanically weaken, and move deeper adjacent to regions of higher density, such as the possible eclogite facies mafic lower crust of the overriding plate, and the lithospheric mantle. When the buoyancy forces created by the density contrasts exceed the strength of a continental rock, a thrust sheet may delaminate ("breakup") and accrete to the crustal base of the overriding plate [van den Beukel, 1992]. We have extended van den Beukel's model to subduction deep into the mantle, such as experienced by the Alpine very high pressure rocks. We envisage that delaminated rock piles will rise as "buoyant sheets" (or "pips", Wheeler [ 1991 ] ) probably using the subduction thrust, because this is the zone of greatest weakness (Figure 10a) . Boudins of eclogite will rise with their light matrix of silicic rocks [England and Holland, 1979] . This active uplift process will cease after arrival in the upper crust of the overriding plate, when the density contrast wanes. From hereon the nappes will be exhumed by a different process, such as extension [Platt, 1986] or erosion. Slab breakoff will facilitate this process, because of the strong heating and weakening during the necking of the plate (Figure 10b) until when the breakoff process is in full progress. In the Penninics of the Alps, the short time interval between uplift of HP rocks and the onset of magmatism raises the possibility that slab breakoff was the event that triggered release of the buoyant thrust sheets.
The rising sheets will be bounded by colder material from both below and above during uplift (Figure 10 ). We expect them to be "refrigerated," so the decompression PT paths will be temperature down. This is principally observed on all very high pressure paths (Figure 11 ). Only at intermediate pressure, such as displayed by the paths from the Tauern Window, does the different exhumation process lead to heating during decompression.
Orogen Deformation
Emplacement of Intrusions and the Formation of the Periadriatic Lineament
The plutons and dykes are emplaced along a prominent fault zone with a backthrusting and a strike slip component, the Periadriatic Lineament (Figure 1) . It is very probable that this fault zone was initiated with the formation of the magmas. The slab detachment process, once initiated, will rapidly migrate lat-erally ,at rates of 10km/m.y. to 1000km/m.y. [Yoshioka and Wortel, 1994 ]. It will therefore produce a linear zone of lithospheric heating and hence magmatism along the whole orogenic belt. The melts will weaken the lithosphere. The area overlying the breakoff line is therefore predestined to form a tec- 
Backthrusting
Note that the intrusions occur both in the formerly overriding plate ("South Alpine, Austroalpine"), and, in the case of the Bergell intrusion, also in nappes of the downgoing ("Penninic") plate (Figure 1 ). We interpret this as being due in part to the fact that parts of the downgoing slab have been accreted below the overriding plate (Figure 2c, Figure 10 ), so that they can be reached by the uprising melts (Figure 2d) .
More important though is the steepening of the initial suture once continental subduction is in progress (Figure 2c ). Due to the local buoyancy of continental crust, increased resistive forces will lead to accommodation of compressive deformation by accretion of thrust sheets and backpropagation of thrusts at the front of the formerly overriding plate, at depths below the orogenic lid. This process will be strongly enhanced once the oceanic slab has detached, if convergence continues (Figure 2d) . The virtual insubductability of continental crust will form an oversteepened thrust belt (Figure 2e ). In the Alps this essentially leads to the formation of the southern steep belt, the backthrusting of the Central Alps over the Southern Alps along the Periadriatic Lineament [Schmid et al., 1989; Rosenberg et al. 1994] , and the syncompressive intrusion of granitoids into rocks of both the formerly downgoing and overriding plate [Schmid, 1992] . Note that also in the Eastern Alps, Periadriatic intrusions occur in the immediate proximity of the Penninic Tauern Window (Figure 1) . We therefore believe that the described steepening must have acted along the whole Alpine arc.
The South Adamello intrusion is the only one to be emplaced initially at a more southerly position. The reasons for this could be (1) formation of South Adamello by a process other than slab breakoff, in which case our timescale for the onset of the event would have to be reassessed (we consider such a coincidence unlikely), (2) earlier breakoff, or initiation of breakoff below Adamello, and later elsewhere, (3) presence of melts everywhere along a broad zone, but only in South Adamello were the early ones emplaced near the surface, whereas more northward emplacement was facilitated and localized by later development of the Periadriatic Lineament, and/or (4) migration of the magmatic front from south to north, due to the oversteepening and backthrusting of the former suture toward the south above the stationary breakoff "hotspot" (Figure 2d and 2e) . Again, only in the case of Adamello were the early melts emplaced at high levels. At the present stage we consider the third option as most likely.
Rapid Erosion and Continued Convergence
One of the consequences of the loss of the lithospheric root will be the rise of the orogen above its stable height [Platt and England, 1994], followed by erosion or extension [Sandiford, 1989] . Evidence is provided that the Bergell intrusion suffered very rapid exhumation and erosion, possibly involving glacial transport from great heights, immediately following its emplacement [Giger and Hurford, 1989] .
It has been argued that the deep crustal root observed in deep reflection seismics below the Alps and other young orogenic belts yields evidence that delamination has not taken place [Nelson, 1992] . However, the deep root below the Alps [Miiller, 1989] is the result of the Miocene to present-day convergence only, which has obscured any remnants of the detachment at circa 45 Ma. We suggest that a deep crustal root, such as that below the Alps today, will form only after slab breakoff has disabled the removal of continental crust to mantle depth by 
